PURPOSE. To investigate signal transduction pathways for connective tissue growth factor (CTGF) in human corneal fibroblasts (HCF).
PURPOSE. To investigate signal transduction pathways for connective tissue growth factor (CTGF) in human corneal fibroblasts (HCF).
METHODS. Expression of 75 kinases in cultures of serum-starved (HCF) were investigated using protein kinase screens, and changes in levels of phosphorylation of 31 different phosphoproteins were determined at 0, 5, and 15 minutes after treatment with CTGF. Levels of phosphorylation of three signal transducing phosphoproteins (extracellular regulated kinase 1 [ERK1], extracellular regulated kinase 2 [ERK2] [MAPKs] , and signal transducer and activator of transcription 3 [STAT3]) were measured at nine time points after exposure to CTGF using Western immunoblots. Inhibition of Ras, MEK1/2 (MAPKK), and ERK1/2, on CTGF-stimulated fibroblast proliferation and collagen gel contraction was assessed using selective inhibitors farnesylthiosalicylic acid, PD-98059, and SB203580, respectively.
RESULTS. Thirty two of the 75 kinases (43%) evaluated by the kinase screen were detected in extracts of quiescent HCF, suggesting these kinases are available to respond acutely to CTGF exposure. Addition of CTGF increased levels of phosphorylation of five phosphoproteins (ERK1 and 2, MEK1/2 [MAPKK], STAT3, and SAPK/JNK), and decreased levels of phosphorylation of 14 phosphoproteins (including protein kinases B and C) after 5 and 15 minutes. Further analysis of ERK1 and 2 and STAT3 phosphorylation showed rapid increases within 1 minute of CTGF exposure that peaked between 5 and 10 minutes then returned to pretreatment levels by 30 minutes. Treatment of HCF with selective inhibitors of Ras, MEK 1/2, and ERK1/2 individually blocked both CTGF induced cell proliferation, and collagen gel contraction.
CONCLUSIONS. Results from protein kinase screens and selective kinase inhibitors demonstrate Ras/MEK/ERK/STAT3 pathway is required for CTGF signaling in HCF. (Invest Ophthalmol Vis Sci. 2012;53:8076-8085) DOI:10.1167/iovs. C onnective tissue growth factor (CTGF) is a 38-kDa secreted, cysteine-rich peptide that was first identified in conditioned media from cultures of human umbilical vein endothelial cells (HUVEC). 1, 2 CTGF belongs to the CCN [CTGF, Cyr61/Cef10, Nov] family of secreted cysteine-rich proteins, which possess growth regulatory functions and are involved in cell differentiation. [3] [4] [5] CTGF increases the production of components of the extracellular matrix such as collagen, integrin, and fibronectin. Furthermore, CTGF has been shown to be significantly up-regulated in a variety of fibrotic disorders such as biliary fibrosis, sclerotic skin fibroblasts, corneal scar tissue, atherosclerotic blood vessels, and inflammatory bowel disease, suggesting that CTGF is involved in promoting pathological fibrosis. [6] [7] [8] [9] [10] Another growth factor that has been implicated in regulating scarring is TGF-b. Important links between CTGF and TGF-b actions were established by experiments, which showed that TGF-b up-regulated the synthesis of CTGF and that CTGF mediated the effects of TGF-b on synthesis of collagen, alpha smooth muscle actin, and proliferation of fibroblast cultures. [11] [12] [13] [14] However, CTGF alone did not induce anchorage-independent growth of fibroblasts, which distinguishes some its actions from those of TGF-b. 15 CTGF was implicated in playing several key roles in corneal scarring and contraction. 16 All three isoforms of TGF-b increased CTGF mRNA and protein expression in human corneal fibroblasts (HCF). 17, 18 CTGF stimulated contraction of relaxed collagen matrix populated by HCF, and furthermore, antisense oligonucleotides to CTGF blocked TGF-b1-mediated contraction, demonstrating that CTGF alone was sufficient for contraction and that CTGF was necessary for TGF-b-mediated contraction. 16, [18] [19] [20] Using stressed collagen matrix, CTGF alone did not stimulate matrix contraction, but its expression was necessary for TGF-b1-stimulated contraction. 19 Thus, CTGF plays a central role in mediating TGF-b1-induced contraction of fibroblast-populated collagen lattices. These data suggest that CTGF is important in regulating corneal scarring and contraction. However, there is very little information regarding the acute signaling events in cells treated with CTGF. In one independent long term study, the induction of CTGF gene expression by TGF-b, and the induction of collagen synthesis by CTGF were both shown to be inhibited by elevated levels of intracellular cAMP. 20 In telomerase immortalized human cornea stromal fibroblasts, TGF-b induction of CTGF was inhibited by SP600125 which is mitogen-activated protein kinase (MAPK) specific inhibitor that targets stress-activated protein kinase (JNK). These data showed that the JNK pathway plays a key role in TGF-b induction of CTGF. 21 CTGF was reported to cross-link to a cell surface protein of approximately 250 kDa in a chondrosarcoma cell line. 22 Another study using bone marrow-derived stromal cells reported that CTGF cross-linked to a 620-kDa cell surface protein that was identified as the low-density lipoprotein receptor-related protein (LRP)/alpha-2-macroglobulin receptor. 23 We recently reported CTGF was shown to bind to and exhibit activity by binding to the type 2 insulin-like growth factor receptor (IGF) in corneal fibroblasts. 24 There is minimal information about the signaling pathway regulated by CTGF. Some information shows CTGF stimulated phosphorylation of both p42/44 mitogen activated protein kinase (p42/44 MAPK) and p38 MAPK in a human chondrosarcomaderived chondrocytic cell line, suggesting that these proteins may mediate the actions of CTGF in the induction of chondrocyte differentiation. 25 In addition, CTGF stimulation of fibronectin expression was reported to involve the Src, p42/44 MAPK, and protein kinase B pathways in mesangial cells. 26 In renal fibroblast activity, the importance of the Ras and Rho GTPase families have also been reported. 27 In human corneal epithelial cells, CTGF was shown to induce epithelial migration via the Ras/MEK/ERK signaling pathway. 28 In this study, we investigated the expression patterns of protein kinases and the levels of phosphorylated proteins in HCF treated with CTGF to better understand the signal transduction pathways regulated by CTGF.
MATERIALS AND METHODS

Cell Culture
Cultures of HCF were established by outgrowth from corneal explants, obtained in compliance with the tenants of the 2012 Declaration of Helsinki, as described previously. 29 Briefly, epithelial and endothelial cells were removed from corneas that were unsuitable for corneal transplantation, the stroma was cut into cubes approximately 1 mm 3 , and placed in culture medium (equal parts Dulbecco's Modified Eagle Medium [Gibco BRL, Grand Island, NY], Medium 199 [Gibco], Ham's F 12 nutrient mixture [Gibco BRL] containing 1 mM NaHCO 3 , and buffered with 25 mM HEPES at pH 7.4 [Gibco BRL]). The medium was supplemented with 10% heat-inactivated fetal bovine serum and 13 antibiotic-antimycotic (Gibco BRL). HCF grown to confluence were serum starved for 48 hours in order to create quiescent corneal fibroblast, After 48 hours, cells are stimulated with CTGF and were examine for the expression of several different protein kinases and phophoproteins.
Protein Kinase and Phosphoprotein Arrays
HCF cultures were grown to complete confluence with the edges of all HCF coming into contact with another HCF in six 75 cm 2 (fourth passage, 4.8 3 10 5 cells/well) tissue culture flasks in serum supplemented medium. The cell monolayers represented cells pooled from multiple donors. All cells were used at passage number four. Following serum starvation for 48 hours, cells were rinsed three times with PBS. The cell monolayers were then incubated with 25 ng CTGF per milliliter in serum-free culture medium containing 0.1% BSA to reduce possible nonspecific binding of CTGF that could alter phosphorylation of kinase proteins. Two 75 cm 2 flasks served as negative controls and were lysed immediately. The remaining four 75 cm 2 flasks were treated with CTGF protein at two time points (5 and 15 minutes). Following the appropriate duration of stimulation, the solution was removed and the cells were washed with PBS. Subsequently, 400 lL of cell lysis solution (20 mM MOPS, 2 mM EGTA, 5 mM EDTA, 30 mM sodium fluoride, 40 mM b-glycerophosphate, 10 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 3 mM benzamidine, 5 lM pepstatin-A, 10 mM leupeptin, and 0.5% Triton-X-100, pH 7.0) was added directly to the appropriate flask. Cell lysate was centrifuged for 30 minutes at 14,000 rpm at 48C. The supernatants were removed and protein concentrations were measured using a BCA protein assay kit (Pierce, Rockford, IL). The Triton-X-100 soluble supernatant fractions were further processed for analysis of protein kinase levels and protein phosphorylation levels as specified by Kinexus Bioinformatics Corporation Analysis (Vancouver, Canada). Briefly, cell lysates were diluted 4fold with sample buffer to give final concentrations of 12.5% glycerol, 31 mM Tris-HCl, pH 6.8, 1% SDS, 0.02% bromophenol blue, 1.25% bmercaptoethanol, and a final protein concentration of 1 lg/lL. Samples were then heated in boiling water for 4 minutes.
The protein extracts from control samples were analyzed using Kinetworks Protein Kinase Screen, KPKS, 1.2 (Kinexus Bioinformatics Corporation). The level of expression of 75 different protein kinases was assessed using 600 lg of cell lysate protein. In addition to the protein kinase screen, a phosphorylation status screen, (Kinetworks Phospho-Site Screen, KPSS 1.3) was also performed on treated samples using 350 lg of cell lysate. KPSS 1.3 measured the relative level of phosphorylation of 36 unique sites on 31 different phosphoproteins using antibodies to defined phosphorylated epitopes (see Table 3 ). Quantification of the immunoreactive bands on both the KPKS and KPSS blots was performed with enhanced chemiluminescence (ECL) detection using a Bio-Rad FluroS Max Imager (Bio-Rad Laboratories, Hercules, CA) and Bio-Rad Quantity One Software (Bio-Rad Laboratories). 30 Counts per minute (CPM) levels were computed using average of zero time points. The values presented in Tables 1 and 3 are the mean 6 SE cpm, which was calculated as 50% of the range of the two values from replicate samples (n ¼ 2).
Western Blot Analysis of Selected Proteins in an Expanded Time Course
Based on the results of the protein kinase array and the phosphoprotein array, additional Western blot analyses were performed to measure extracellular regulated kinase 1 (ERK1), extracellular regulated kinase 2 (ERK2), and signal transducer and activator of transcription 3 (STAT3). Briefly, cultures of HCF were grown to complete confluence in 12-well culture plates (fourth passage, 2.4 3 10 4 cells/well), and after serum starvation for 48 hours, were treated with 25 ng CTGF per mL for 0, 1, 2, 3, 4, 5, 10, 15, 30, and 60 minutes then cells were lysed using the lysis solution as described as above. To verify that the induction of protein kinase expression and phosphorylation was due solely to the presence of CTGF, cells were also treated with CTGF in the presence of neutralizing CTGF antibody (goat anti-CTGF provided by Grotendorst laboratory) for 10 minutes. Following cell lysis, samples were centrifuged for 30 minutes at 14,000 rpm at 48C. Protein samples (13 lg per well) were separated on a 12% SDS-polyacrylamide gel and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA). After blocking, membranes were incubated with the appropriate primary antibody (1:100 mouse anti-pERK ½ [cat # sc-8019; Santa Cruz Biotechnologies, Santa Cruz, CA], 1:100 mouse anti-pSTAT3 [cat # sc-81,492; Santa Cruz Biotechnologies]). Alkaline phosphatase conjugated secondary antibodies were used followed by colorimetric detection with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT) substrate. Quantification of bands was performed using Kodak Digital Science software (Kodak, Rochester, NY). Normalization of results was achieved by comparison to levels of b-Actin (1:5000 mouse anti-b-Actin, [Oncogene, San Diego, CA]). Results are expressed as the mean 6 SE, and were analyzed for statistical significance using ANOVA followed by Tukey's HSD post-hoc comparison of means using Statistica software (Statistica, Tulsa, OK).
Inhibition of CTGF Stimulated Cell Proliferation
To assess the effect of CTGF signaling by the MEK1/2 pathway, cell proliferation assays were conducted with specific and potent inhibitors of the MEK1/2 pathway. These included an inhibitor of Ras, (farnesylthiosalicylic acid [FTS]; Biomol Int, Plymouth Meeting, PA), a MEK inhibitor (PD-98059, 2 0 -amino-3 0 -methoxyflavone; Fisher Scientific, Pittsburgh, PA). 31 and an ERK1/2 inhibitor (SB203580; University of Florida College of Medicine, Gainesville, FL) Briefly, 40 wells of a 96well plate were seeded with HCF (fourth passage, 3000 cells/well) in medium containing 10% serum for 24 hours then placed in serum free medium for 48 hours. The medium was removed, wells were washed with PBS and replaced with serum free culture medium containing 0.1% BSA and the following five different additions: (1) serum free medium, (2) 10% fetal bovine serum, (3) CTGF (50 ng/mL), (4) CTGF (50 ng/mL) and selective inhibitor, and (5) selective inhibitor. CTGF was added at 50 ng/mL to maximize the stimulation of cell proliferation and gel contraction. After 48 hours of further culturing, 20 lL of CellTiter 96 Aqueous One Solution Reagent (MTS; Promega, Madison, WI) was added and the absorbance at 490 nm (and/or 450 nm) was recorded after 2 hours. The level of reduced MTS product (formazan) measured at designated wavelength is a measure of the metabolic oxidative activity of cells and reflects the number of viable cells in the culture well. Results are expressed as the mean percentage change from serum free medium 6 SE of eight replicates for each condition, and average values were analyzed for statistical significance using ANOVA followed by Tukey's HSD post-hoc comparison of means using Statistica software (Statistica).
Inhibition of CTGF-Induced Collagen Gel Contraction
Fibroblast-populated collagen gels (FPCG) were prepared by mixing concentrated DMEM (Sigma-Aldrich) with type 1 rat tail collagen (5 mg/mL; Sigma-Aldrich). The pH of the mixture was neutralized with 0.1 M NaOH before adding concentrated DMEM containing HCF, to give a final cell density of 5 3 10 5 /mL of gel mixture. Following polymerization, the gels were detached from the culture well using a pipette tip and were cultured in the respective test medium. Test medium categories were similar to those for the proliferation assay: (1) serum free medium, (2) CTGF (50 ng/mL), (3) CTGF (50 ng/mL) and selective inhibitor, and (4) selective inhibitor. The same selective inhibitors were chosen for both the cell proliferation and gel contraction assays. FPCG contraction was measured following 72 hours by taking digital photographs from a fixed distance. Areas were calculated in pixels with image analysis software (Image Tool; University of Texas Health Sciences Center San Antonio, San Antonio, TX). Triplicate samples per treatment were tested. Each experiment was repeated at least three times with fibroblasts from different donors. Results are expressed as the mean percentage change from serum free medium 6 SE of triplicates for each condition, and average values were analyzed for statistical significance as aforementioned.
RESULTS
Protein Kinase Expression Analysis
The signal transduction pathway(s) for CTGF are not established in cells, especially in HCF. It is reasonable to hypothesize that acute CTGF signaling will involve phosphorylation of cellular proteins by protein kinases. However, there is no extensive survey that identifies protein kinases that are expressed in quiescent corneal fibroblasts, and, thus, would theoretically be available to participate in CTGF signal transduction. Therefore, we utilized a Western blot protein array to identify kinases that are expressed in cultures of quiescent corneal fibroblasts.
As shown in Table 1 , a total of 32 protein kinases were detected in extracts of quiescent HCF cultures (representative blots shown in Fig. 1 ). This represents 43% of the total 75 protein kinases that can be detected by the KPKS 1.2 array. Six kinases were detected by two or more antibodies, generating a total of 40 possible unique antigenic sites on 32 different kinase proteins listed in Table 1 . Kinases detected by more than one antibody were designated with lowercase letters. The kinase array measured the relative levels of kinase proteins in cultures of quiescent HCF, regardless of phosphorylation status of the kinases. Thus, these 32 kinases are expressed in detectable levels in quiescent HCF, and would theoretically be available to participate acutely in CTGF signaling pathways. Table 2 lists the 43 kinases were undetectable by the kinase protein Western blot array. Four of the kinases were undetectable by two or more antibodies directed against different antigenic sites, which provides high confidence that these four kinases were not present at detectable levels. Three kinases that were probed by more than one antibody were detected by at least one antibody, but not by all the antibodies. Therefore, we considered these three kinases to be undetectable. Since the 43 kinases were not detectable by the Western blot array, they theoretically would not be available to participate acutely in CTGF signaling pathways.
Phosphoprotein Expression Analysis
Forty unique sites on 32 different phosphoproteins were probed by the phosphoprotein arrays. As shown in Table 3 , of those 40 unique phosphorylation sites, 22 unique sites on 19 different phosphoproteins were detected on at least one of the three time points (0, 5, or 15 minutes) after CTGF exposure (representative blots shown in Fig. 2 ). The levels of phosphorylation of five unique sites on five different phosphoproteins increased above control levels (time 0) at both 5 and 15 minutes of exposure to CTGF. The levels of phosphorylation of 14 unique sites on 14 different phosphoproteins decreased below control levels (time 0) at both 5 and 15 minutes of exposure to CTGF. The levels of phosphorylation of three unique sites on three different phosphoproteins either increased or decreased compared with control levels (time 0) at either 5 and 15 minutes of exposure to CTGF Some notable proteins that were phosphorylated include: ERK 1 and 2, which are serine/threonine kinases of the MAPK superfamily, mitogen-activated protein kinase kinase 1/2 (MAP kinase kinase 1/2), STAT3, and JNK. Levels of phosphorylation of ERK1, ERK2, and STAT 3 were chosen for further study at 10 time points extending to 60 minutes of CTGF treatment.
Immunoblot Analysis of Selected Phosphorylated Proteins
Western blot analyses of three selected phosphoproteins (ERK1, ERK2, and STAT 3) were examined using an extended time course of continuous treatment of corneal fibroblasts with CTGF ( Figs. 3, 4 ). As seen in Panel 4A, phosphorylation of ERK1 rapidly increases to a maximum at 4, 5, and 10 minutes of stimulation with CTGF (P < 0.01) then begins declining at 15 minutes and returns to prestimulated levels at 30 and 60 minutes of exposure to CTGF. Similarly, as seen in panel 4B, phosphorylation of ERK2 increased to maximum levels at 4 and 5 minutes (P < 0.01) then progressively decreased at 10 and 15 minutes and reached prestimulated levels at 30 and 60 minutes of exposure to CTGF. The time course of phosphorylation for STAT3 was some what different than for ERK1 and ERK2, in that phosphorylation of STAT3 reached a sharp peak at 5 minutes (P < 0.01), and rapidly decreased at 10 minutes to prestimulation level and remained low at 15, 30, and 60 minutes. Thus, CTGF produced a shorter pulse of phosphorylated STAT3 protein in corneal fibroblasts compared with the longer duration of phosphorylated ERK1 and ERK2. Interestingly, STAT3 activation by other growth factors [32] [33] [34] [35] and its role in oncogenic cell proliferation regulation and differentiation is well documented. [36] [37] [38] [39] [40] 
Effect of Selective Kinase Inhibition on CTGF Stimulated Cell Proliferation
Since previous studies have indicated that Ras and MEK 1/2 functions upstream of ERK1, ERK2, and STAT3 [41] [42] [43] and CTGF exposure increased levels of phosphorylated MEK 1/2 increased approximately 90% at five minutes (see Table 3 ), it was reasonable to hypothesis that CTGF may signal, in part, by activating the MEK 1/2 pathway. To investigate this possibility, the effect of the selective Ras inhibitor, FTS, the MEK 1/2 inhibitor, PD-98059, and the ERK1/2 inhibitor SB203580 were evaluated on CTGF-stimulated proliferation of HCF. As shown in the subsets of Figure 5 , the addition of 10% serum increased the level of reduced MTS (a surrogate measure of cell number) approximately 3-fold compared with serum-free medium (P < 0.01). Addition of CTGF (50 ng/mL) increased MTS approximately 1.5-fold (P < 0.01) over serum-free medium, which confirms the mitogenic effect of CTGF on HCF. 18 This effect was once again seen as CTGF induced a 15% increase in proliferation in subsequent assays. Addition of FTS (5 lM; Fig.  5A ), PD-98059 (40 lM; Fig. 5B ), and/or SB203580 (22.2 lg/mL; Fig. 5C ) to CTGF, reduced MTS production to a level that was not significantly different than for cells in serum-free medium, indicating that FTS, PD 98059, and SB203580 effectively blocked the CTGF-stimulated cell proliferation (P < 0.001, P < 0.01, P < 0.001, respectively). Furthermore, addition of inhibitors alone to serum-free medium did not statistically reduce the level of MTS compared with serum-free medium, indicating that at effective concentrations, there were no significant nonspecific toxic effects on HCF.
Effect of Selective Kinase Inhibition on CTGF-Induced Collagen Matrix Contraction
In order to investigate kinase signaling necessary for CTGF induced collagen matrix contraction, the same selective inhibitors used in the cell proliferation assay were also tested in the FPCG setting. As shown in Figures 6A to 6C , serum-free medium resulted in a 46% to 49% gel contraction, while CTGF (50 ng/mL) induced 64% to 71% contraction (P < 0.001) of the collagen gel. This approximate 1.5-fold increase, confirms its ability to stimulate lattice contraction. Following addition of the selective inhibitors, this effect was significantly blocked, and resulted in a percentage of gel contraction that was not significantly different from serum-free medium. Addition of FTS (5 lM) resulted in only 43% contraction (Fig. 6A ), PD-98059 (100 lM) in 59% contraction (Fig. 6B) , and SB203580 (22.2 lg/ mL) in 47% reduction (Fig. 6C ). CTGF induced contraction results were within 6 1.6% SE. All other results were within 6 2% SE. As seen in the cell proliferation results, addition of the inhibitors alone did not result in significant differences in contraction from serum free medium, indicating that the inhibitors themselves did not have toxic effects.
DISCUSSION
Extensive data indicates that both TGF-b and CTGF are important growth factors that regulating scar formation in many tissues, including the cornea. 6, 7, 44 However, little is known about the signal transduction pathways utilized by CTGF to regulate cellular functions in corneal cells. Results of experiments presented here indicate that the MEK1/2 (MAPKK), ERK1, ERK2, STAT3, and SAPK/JNK pathway is rapidly activated after addition of CTGF to HCF cultures. More specifically, the expanded time course experiments (Figs. 3, 4A-C) showed that CTGF rapidly induced phosphorylation of Immunoblot analyses for ERK1, ERK2, and STAT3. Levels of phosphorylated ERK1(A), ERK2 (B), and STAT3 (C) were measured in cultures of HCF at 0, 1, 2, 3, 4, 5, 10, 15, 30, and 60 minutes of treatment with CTGF using Western blots. Levels of phosphorylated ERK1, ERK2, and STAT3 rapidly increased to a peak between 4 and 10 minutes of exposure to CTGF then progressively decreased to baseline level by 30 minutes. Values are the mean 6 SE of triplicate samples, * indicates different from time 0 with P < 0.01.
three key signal transducing proteins, ERK1, ERK2, and STAT3 within 1 minute of CTGF exposure, and phosphorylation peaked between 5 and 10 minutes, and returned to pretreatment levels by 30 minutes. The very rapid increase in phosphorylation of ERK1, ERK2, and STAT3 supports the concept that these phosphoproteins mediate the primary signaling events of CTGF rather than being influenced by later secondary signaling pathways.
Another important action of CTGF revealed by the phosphoprotein screen was the rapid dephosphorylation of 14 of 32 phosphoproteins (14%) at both 5 and 15 minutes, including protein kinases B and C. This suggests that CTGF may also influence the activities of phosphatases that have important roles in gene regulation. This is an important area that remains to be explored in future experiments.
An important signal transduction protein that is immediately upstream of ERK1 and ERK2 is MEK 1/2 (MAP kinase kinase). As shown in Table 3 , MEK1/2 is present in relatively high levels in quiescent fibroblasts, and addition of CTGF increased levels of MEK1/2 phosphorylation approximately 90% after 5 minutes, followed by reduced phosphorylation at 15 minutes. Since these data suggest that MEK1/2 is also in the CTGF signal transduction pathway, we investigated the effect of selectively blocking MEK1/2 activity, on CTGF-induced proliferation of corneal fibroblasts with PD-98059. [45] [46] [47] MEK activity and efficacy has been shown in other systems to be dependent on other key members of the MEK signaling pathway including the upstream protein Ras, as well as the downstream members ERK1/2. 48 Thus, we chose to investigate the inhibition of these members using FTS, 49 and SB203580 respectively. As shown in Figure 5B , selective inhibition of MEK1/2 reduced CTGF-stimulated cell proliferation to a level that was not significantly different from levels of cell proliferation in serum-free medium. Moreover, these selective kinase inhibitors reduced CTGF-stimulated cell proliferation to nonsignificant levels (Figs. 5A, 5C ). These results indicate that the kinase activities of Ras, MEK1/2, and ERK1/2 are necessary for CTGF-stimulated HCF proliferation.
Although the dependence of the MEK pathway was confirmed by our results for fibroblast proliferation, the role of these members in other important CTGF-induced biological effects is unknown. For this reason, we also chose to investigate the inhibition of these same members of the MEK pathway in the setting of fibroblast-mediated collagen matrix contraction. 50 As seen in Figure 6 , selective inhibition of Ras, MEK1/2 or ERK1/2 activity significantly (P < 0.001) reduced CTGF-stimulated collagen gel contraction by approximately 15%. Thus, Ras, MEK1/2, and ERK1/2 are necessary for CTGFinduced collagen matrix contraction.
It is presumed that the initial step in CTGF signaling is the specific binding of CTGF to a high affinity membrane receptor protein. We recently reported that CTGF specifically bound to the mannose-6 phosphate/insulin-like growth 2 receptor (IGF-2-R) in corneal fibroblasts, and fibroblasts lacking the IGF-2-R failed to bind and respond to CTGF, indicating the IGF-2-R meets the basic definition of a CTGF receptor protein that mediates biological effects of CTGF. 24 Other membrane associated proteins have been reported to specifically bind CTGF. Affinity cross-linking of 125 I-CTGF to a murine bone marrow stromal cell line (BMS2) labeled a protein of 620 kDa that was identified as the low-density lipoprotein receptorrelated protein (LRP) 23 and cross-linking of 125 I-CTGF to a human chondrosarcoma-derived chondrocytic cell line (HCS-2/ 8) identified a membrane associated protein of approximately 280 kDa. 22 However, neither the 620-kDa protein (LRP) nor the 280-KDa protein were shown to be required for generating a biological response to CTGF, so their role as a classical receptor protein for CTGF remains to be determined.
The biological effects of TGF-b and CTGF on fibroblasts have considerable overlap but they are not identical. For example, TGF-b induces CTGF synthesis in corneal fibroblasts, and CTGF mediates TGF-b's induction of type 1 collagen synthesis. 18, 51 However, unlike TGF-b, CTGF is unable to cause anchorage-independent growth of fibroblasts. 15 TGF-b signaling pathways are relatively well understood. The induction of CTGF in dermal fibroblasts by TGF-b does not occur in a single pathway, but requires a balance between SMAD induction, Ras/ MEK/ERK and JNK/MAPK pathways. 21, [52] [53] [54] Analogous to the biological effects of both growth factors, the signaling of TGF-b and CTGF is also likely not identical, although overlap such as use of MEK/ERK pathways exists. We focused on elucidating the signal transduction pathway used by CTGF in corneal fibroblasts since these cells play major roles in corneal scarring. In this study, we have shown that two independent, well established biological effects responsible by CTGF, specifically, fibroblast proliferation, and fibroblast mediated collagen lattice contraction, are clearly dependent upon activation of members of the Ras/MEK/ERK pathway in HCF. It is clear that CTGF signals through Ras, and eventually causes the phosphorylation of MAPKK (MEK), causing a downstream phosphorylation cascade of proteins of members of this pathway including ERK 1 and ERK 2 (Fig. 7) . Activating this signal transduction cascade ultimately leads to changes in patterns of gene expression, like the induction of alpha smooth muscle actin that is the hallmark of fibroblast transformation into myofibroblasts and contraction of scar tissue. 19 Controlling corneal scarring is an important clinical goal because of the large number of corneal wounds caused by trauma, surgery, and bacterial or viral infections. Ideally, antiscarring therapies would target specific genes that regulate scarring processes rather than using nonspecific, antiproliferative cancer drugs (mitomycin C and 5-fluorouracil) that can have serious side effects. 55 Current data indicate that CTGF plays key roles in regulating important aspects of ocular scarring, and results of this study provide the first insight into CTGF's signaling pathways in HCF. This suggest that small molecule kinase inhibitors of the CTGF signaling pathway might be used as local (topical) treatments to reduce corneal scarring without serious side effects.
